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1. Introduction 
The current emphasis within the composite design community is gradually shifting from 
achieving minimum weight designs at all costs to more cost-effective and damage tolerant 
structural designs. A damage tolerant structure must not only be able to effectively absorb 
energy locally at the point of damage initiation but must also be fail-safe. A very efficient 
way of designing a composite fail-safe structure is to provide it with the ability to arrest a 
potentially catastrophic crack by increasing its fracture resistance. The fracture behaviour of 
composites can be quantified by measuring its toughness and it can be broadly classified 
into interlaminar and intralaminar fractures. Most of the work reported in the recent 
literature has focused on the investigation of the interlaminar behaviour of composites with 
a limited number of works addressing the intralaminar fracture behaviour. 
The measurement of intralaminar toughness requires a pre-cracked specimen and in most 
cases, particularly for CFRP materials. Its determination can be based on the Linear Elastic 
Fracture Mechanics (LEFM) approach. Different types of specimens and crack geometries 
are currently available in the literature to characterise the intralaminar fracture behaviour of 
composites under pure mode I (Cowley & Beaumont, 1997; Konstantinos et al., 2005), mode 
II and mixed-mode loading (Lin & Shetty, 2003), however none of them are standardised. 
The specimen selection depends on the material system under investigation and expected 
toughness values range from initiation to propagation. It is also worth mentioning that most 
of these specimens were originally designed for fracture in isotropic materials. The poor 
performance of composites in shear and compression loading, compared to tension loading 
in the fibre direction may lead to failure prior to crack growth. Such restrictions impose 
limitations on their applicability and alternative specimen designs are needed. For mode-I, 
the Overheight Compact Tension (OCT) specimen has the advantage of promoting a stable 
crack growth which eventually enables the evaluation of both initiation and propagation 
values for the intralaminar toughness.  
Jose et al. (2001) investigated the mode I intralaminar toughness of carbon/ epoxy cross-ply 
laminates using overheight compact tension specimens. The experimental results were 
compared with finite element simulations using a modified crack-closure integral method 
and a methodology for calculating the stress intensity factor associated with matrix cracking 
and fibre fracture was presented. Based on the work by Jose et al. (2001), Pinho et al. (2006a) 
investigated the intralaminar toughness associated with fibre breakage in tension and fibre 
kinking in compression in unidirectional pre-preg composites using Compact Tension (CT) 
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and Compact Compression (CC) specimens. A very consistent resistance curve (R-Curve) 
containing initiation and propagation values was obtained in tension, with a marked 
increase in the toughness values in compression due to fibre compression kinking. The 
authors attribute the increase in the toughness in compression to the contact in the crushed 
area. In fact, the contact is a problem even in tension, if the specimen is subjected to cyclic 
loading-unloading, due to debris effects which prevent the total crack closure, resulting in 
permanent displacements (Konstantinos et al., 2005). Kostopulos and co-workers (1998) 
proposed a modified compliance method to handle problems in which permanent 
displacements are an important issue. The method is based on the Non-Linear Fracture 
Mechanics (NLFM) approach and the resultant nonlinear fracture toughness is composed of 
elastic and non-elastic terms due to the presence of irreversible deformations. The method 
uses an effective crack length based on a semi-empirical equation. 
The increasing computational resources combined with recent developments on advanced 
physically based failure models have allowed reliable prediction of progressive damage in 
composites by using the finite element method (Iannucci e al., 2006; Pinho et al., 2006b; 
Donadon et al., 2009). These models require, among others parameters, a number of 
intralaminar fracture energies as input parameters. For instance, for pure tensile failure in 
both transverse and longitudinal directions the fracture energy can be determined using the 
Overheight Compact Tension (OCT) specimen. In a similar way the Compact Compression 
(CC) specimen can be used to determine the fracture energy associated with fibre kinking 
(Pinho et al., 2006). The fracture energy associated with shear dominated failure modes can 
be measured using the Four Point End Notched Flexure (4ENF) specimens (Martin et al., 
1998). 
This chapter intends to present a detailed discussion on test methods and data reduction 
schemes for mode-I intralaminar fracture toughness characterization of composite 
laminates. Additionally, fracture mechanics based finite element models of all described 
tests were developed to confirm the experimental results. Details on specimen 
manufacturing and preparation for different pre-cracked geometries including Overheight 
Compact Tension (OCT), double edge notch (DEN) and centrally cracked four-point-
bending (4PBT) test specimens are also presented and discussed. The limitations of the 
applicability of the standard data reduction schemes for the determination of intralaminar 
toughness of composite materials are also addressed in this chapter. A methodology based 
on the numerical evaluation of the strain energy release rate using the J-integral method is 
presented in details. This methodology was used to derive new geometric correction 
functions for the determination of the stress intensity factor for composites. The proposed 
method accounts for material anisotropy and finite specimen dimension effects regardless of 
the geometry. The approach has been validated for alternative non-standard specimen 
geometries. The chapter ends by showing a comparison between experimental results 
obtained using different data reduction schemes. A discussion on advantages, 
disadvantages and limitations of each method is also presented.  
2. Specimen configurations and data reduction schemes 
Strictly speaking, no data reduction scheme for the computation of the mode-I, mode II and 
mixed-mode loading intralaminar toughness as well as test standards are currently available 
in the literature for composite materials. Most researchers employ the same data reduction 
schemes and test standards as the one used for isotropic materials; however, their 
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applicability for composites and the reliability of the results are questionable. The standard 
data reduction schemes for isotropic materials are presented herein and it will be shown 
that in their original forms these expressions are not applicable for the material system 
investigated in this chapter. 
2.1 Overheight Compact Tension (OCT)  
The determination of the stress intensity factor for isotropic materials using OCT specimens 
is based on the ASTM E399-90 standard (Annual book of ASTM standards, 1993), 
 ( / )IC
P
K f a w
h w
=  (1) 
where P is the applied load, h is the thickness and w is the distance from the loading line up 
to the crack tip, as shown in Fig. 1. ( / )f a w  is the geometric function introduced to account 
for finite specimen dimension corrections, which is given by(Annual book of ASTM 
standards, 1993), 
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Fig. 1. Typical dimensions for the Overheight Compact Tension (OCT) specimen 
(dimensions in mm) 
2.2 Double Edge Notch (DEN)  
For the double edge notch (DEN) specimens the stress intensity factor is given by (Brown & 
Strawley, 1967), 
 ( / )ICK f a w aσ=  (3) 
where σ is the applied stress, w is the specimen width and a is the crack length, as depicted 
in Fig. 2. ( / )f a w  is the finite dimension correction function given by (Brown & Strawley, 
1967), 
 2 3( / ) 1.98 0.36(2 / ) 2.12(2 / ) 3.42(2 / )f a w a w a w a w= + − +  (4) 
www.intechopen.com
 Advances in Composite Materials - Analysis of Natural and Man-Made Materials 
 
392 
h=1.45  w=10.5  
L=120  
a=1.5  
x2 
x1 
 
Fig. 2. Typical dimensions for the Double Edge Notch (DEN) specimen (dimensions in mm) 
2.3 Four Point Bending (4PBT) 
For the four point bending (4PBT) specimens the stress intensity factor is defined as (Rooke 
& Cartwright, 1976), 
 
2
6
( / )
2
IC
Pc a
K f a h
wh
π=  (5) 
where P is the total applied load, c is the distance between the edge of the specimen and 
the upper loading point (see Fig.3), w and h  are the width and thickness of the specimen, 
respectively, and ( / )f a h  is the geometric correction function given by (Rooke & 
Cartwright, 1976), 
 2 3 4( / ) 1.12 1.39( / ) 7.32( / ) 13.1( / ) 14.0( / )f a h a w a w a w a w= − + − +  (6) 
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Fig. 3. Typical dimensions for the Four Point Bending (4PBT) specimen (dimensions in mm) 
2.4 Intralaminar fracture toughness for composites 
For an on-axis, plane stress, orthotropic plate with an initial crack subjected to in-plane 
loading, the fracture toughness values can be obtained from the Griffith’s strain energy 
release rate functions as follow (Paris & Sih, 1960; Lin et al., 1997) 
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2
1 22
IC
Ic
K
G
E E
α β= +  (7) 
 
 
with 1 2/E Eα = and 1 12 12/ 2E Gβ ν= − , where 1E , 2E are the effective Young’s modulus 
in the longitudinal and transverse direction, respectively, and 12ν  is the effective in-plane 
Poisson´s ratio. 12G is the effective in-plane shear modulus. Equation 7 is valid for the OCT 
and DEN specimens. For the four point bending specimens the values of IcG associated with 
the fracture in the transverse direction can be determined as (Rooke & Cartwright, 1976), 
 
 
 
2
2
IC
Ic
K
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where 2 2E E=  under plane stress and 1222 2 / (1 )E E ν= −  under plain strain conditions. 
 
3. Stress intensity factor for orthotropic materials 
Experimental and numerical studies carried out by Donadon et al. (2007) have shown that 
the stress intensity factor for composites is significantly overestimated by the direct 
application of Eqs. (1), (3) and (5). The authors suggest that a possible source of error is the 
finite geometry correction factor, which was originally derived for isotropic materials. In 
order to tackle this problem, the authors proposed a methodology based on the numerical 
evaluation of the J-integral to derive new finite geometry correction functions for composite 
specimens. A detailed description on the methodology proposed by the authors is given in 
the following sections. 
 
3.1 Theoretical aspects 
The numerical evaluation of the strain energy release rate associated with intralaminar 
fracture was based on the J-integral method. For this purpose, ABAQUS Standard version 
6.5 was used (ABAQUS, 2005). The software provides a calculation procedure for J-integral 
based on the virtual crack extension/ domain integral methods (ABAQUS, 2005). 
Alternatively, the J-integral can be numerically evaluated by measuring the change in 
strain energy, UΔ  of the specimen with a crack advance, aΔ , where the J-integral is given 
as the negative differential of strain energy with respect to crack length that is, 
 
 
 
( ) ( )U U a U a a
J
A h a
∂ − + Δ= − ≈∂ Δ  (9) 
 
 
where ( )U a  and ( )U a a+ Δ  are the strain energies associated with a crack length a  and 
a a+ Δ , respectively. aΔ  is the crack increment and h  is the thickness of the specimen. 
Although both methods provide the same results in the linear elastic regime, the latter 
requires extra data post-processing whilst in the former the J-integral values are obtained 
straightway. For a linear elastic orthotropic material under plane-stress assumption loaded 
in mode-I opening, IcJ G=  and the stress intensity factor can be related to the J-integral 
values using (Lin et al., 1997), 
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 1 22
( ) / 2
IC
J E E
K α β= +  (10) 
where α  and β  are orthotropic constants previously defined in Eq. (7). Eq. (10) is valid for 
OCT and DEN specimens. For the 4PBT specimens, the relationship between the stress 
intensity factor and J-integral values is obtained from Eq. (8) with IcJ G= ,  
 
2
2
ICK E J=  (11) 
By using Eqs. (1), (3), (5), (10) and (11), a new correction function which incorporates 
orthotropic effects may be obtained using the following procedure: 
1. For the OCT and DEN specimens, compute J-integral values for different crack lengths 
and for each J-integral value ( ( )i iJ a ), compute the stress intensity factor using Eq. (10), 
 
 
0.5 0.25
1 2
0.25
( )
( / 2 / 2)
i i
Ic
J E E
K α β= +  (12) 
For the 4PBT specimen, compute J-integral values for different crack lengths and for 
each J-integral value ( ( )i iJ a ), compute the stress intensity factor using Eq. (11), 
 
2
i
Ic iK E J=  (13) 
2. From Eqs. (1), (3) and (5) compute a new correction function ( )iF a . The new correction 
functions for OCT, DEN and 4PBT specimens are respectively given by, 
 ( )       (OCT)
i
Ic
i
i
K h w
F a
P
=  (14) 
 ( )           (DEN)ICi i
K
F a
aσ=  (15) 
 
2
( )    (4PBT)
3
IC
i
i
K wh
F a
Pc aπ=  (16) 
3. The ( )F a  values are plotted against their correspondent crack lengths and the new 
correction function is obtained by finding the best fit function which interpolates those 
points. 
4. Materials and laminates manufacturing 
The fabric used in the experimental part of this chapter consists of a hybrid plain weave 
fabric supplied by EUROCARBON® and PRIME 20LV® two part epoxy resin system, 
supplied by GURIT. The fabric is composed of T700-12K-50C carbon fibres in the warp 
direction and PPG EC09 34*2 S150 1383 glass fibres in the weft direction. The fabric 
configuration, material local axes and intralaminar cracking directions are illustrated in 
Fig. 4. 
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Fig. 4. Hybrid plain weave fabric: (a) Longitudinal crack growth direction, (b) Transverse 
crack growth direction 
All laminates were manufactured using the Resin Infusion under Flexible Tooling (RIFT) 
process setup outlined in Fig. 5. 
 
 
Fig. 5. Rift setup (Donadon, 2004a) 
A flat 700mm x 400mm x 4 mm aluminium plate was used as a mould tool. Prior to laying 
up the fabric, the aluminium plate was covered with a melanex film and one peel ply layer, 
which aids the removal of the composite plates after cure. The fabrics were covered with a 
flow distribution medium on the upper and lower surfaces, in order to ensure complete 
fabric wetting-out. The resin flow medium was intentionally cut 30 mm shorter from the 
end of the preform near the vacuum vent to reduce the resin flow rate within the infusion 
stack. Subsequently, the infusion stack was bagged and placed on the hot platen. Next, 
vacuum drop tests were carried out by applying full vacuum into the infusion stack and 
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monitoring the pressure using a dial gauge connected to the degassing chamber for 30 
minutes. This procedure ensures the vacuum integrity within the RIFT system. Vacuum 
integrity is possibly the most important manufacturing parameter for the RIFT process. 
Infusions were carried out at room temperature (25 °C), with panels cured for 7 hours at 65 
°C. The temperature variation of the laminate during the curing stage was measured by 
attaching thermocouples on the upper surface of the stack. The temperature measurements 
were taken from five different positions, four of them were placed in each corner of the 
square plate, whereas the fifth was in the centre of the plate. The temperatures were 
recorded by means of a temperature data-logger connected to acquisition software. The 
point-to-point temperature variation was within +/ -5 °C. In order to assess the final quality 
of the laminates, the panels were inspected by ultrasound generating C-scans. The fibre 
volume fraction and void content were measured using the acid digestion method. 
According to c-scan images the laminates were free of any major defect, with a typical value 
of 53% and 1% for the fibre volume fraction and void content, respectively.  
The laminate mechanical properties were measured using standard test methods (Donadon, 
2004b) and are summarised in Table 1.  
 
Stiffnesses and strengths  
Young’s modulus in the warp direction, E11 100 GPa 
Young’s modulus in the weft direction, E22 8.11 GPa 
In-plane shear modulus, G12 3.88 GPa 
Major in-plane Poisson’s ratio, 12ν  0.35 
Tensile strength in the warp direction, ,1
t
fσ  2005 MPa 
Tensile strength in the weft direction, ,2
t
fσ  63 MPa 
Compressive strength in the warp direction, ,1
c
fσ  750 MPa 
Compressive strength in the weft direction, ,2
c
fσ  170 MPa 
In-plane shear strength, 12
fσ  60 MPa 
Mode II interlaminar fracture toughness 
cII
G  2.2 kJ/ m2 
 
Table 1. Laminates mechanical properties 
4.1 Crack tip preparation 
A three step procedure was used to produce a sharp crack tip in the OCT specimens. Firstly 
a 30 mm length notch was inserted in the specimens using a 3.5mm thick dry diamond saw. 
Secondly a series of razor saws were used to further increase the crack length by 10mm; 
each razor saw employed had progressively increasing number of teeth in the blade, three 
types were used with each removing 3.3mm of material. The thickness of the razor saw 
blade was no more than 0.2mm. Lastly to produce an extreme sharp crack tip a 0.06mm 
thick razor blade was used lightly to improve the sharpness of the crack tip. A typical 
micrograph illustrating the quality of the crack tip is shown in Fig. 6.  
www.intechopen.com
 Intralaminar Fracture Toughness Characterization of Composite Laminates  
 
397 
 
                                         (a) 50 x                                                         (b) 100x 
Fig. 6. Crack tip images of the OCT specimens 
 
 
                                               (a)                                                            (b) 
 
(c) 
Fig. 7. Manufacturing steps for the 4PBT specimens 
For the DEN specimens only the razor saws were used to insert two symmetrical 1.5 mm 
long notches in the middle of the specimens. In order to produce a pre-cracked four-point-
bending specimen, the original RIFT setup had to be modified. A caulplate with a 0.06mm 
thick sharp razor blade embedded in the mid-plane was used as a tool to introduce the pre-
crack. The two halves of the caulplate were covered with two strips of peel ply to aid the 
removal of the composite panel after cure. The blade had a protruding height of 1.07mm so 
three plies on each side of the blade had to be used so the crack tip was flush with the top 
surface of the stacked plies. The plies were cut in two halves along the warp direction 
(parallel to the carbon fibres) and the two halves were laid up on the top of the peel ply 
strips. The next step to produce the pre-cracked laminate was to stack more plies on the 
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bottom three plies. Since the blade tip was now flush with the bottom plies, any plies that 
were stacked did not require to be cut in half. Hence, seven additional plies were placed on 
top of the crack resulting in the fibre stack being ten-ply thick. The fabric was then covered 
with another continuous peel ply layer followed by the flow media and another peel-ply 
layer on top of the stack. Flow medium was not applied below the fibre stack due to the 
stack being thin and overall dimensions being small. Moreover, the use of a bottom flow 
media would have increased the overall rate of infusion to the extent that through thickness 
infusion of the stack would have been limited thus promoting the presence of voids. The 
inlet for resin transfer had to be raised to the same level as the fibre stack to maximise fibre 
wet-out. Any blunt and malleable platform can be employed for this purpose. In this study a 
ball of tack tape was used as it had the added advantage of securing a relatively large 
proportion of the inlet pipe. Subsequently, the infusion arrangement was bagged and 
vacuum tested, infusion and cure were carried out. The specimen manufacturing steps are 
shown in Figs. 7 (a), 7 (b) and 7 (c), respectively. 
5. Experimental setup and data collection 
5.1 OCT specimens 
The mechanical tests for the OCT specimens were carried out using a 100 kN Instron testing 
machine equipped with 10kN and 100kN load cells to measure the initiation and 
propagation loads for growing the crack in the warp and weft directions, respectively. The 
crosshead displacement and load histories were recorded by using a data acquisition 
system. The tests were carried out with crosshead displacement rate of 1mm/ min. Two 
different lay-ups were used, namely unidirectional (02)2s and cross-ply (0,90)2s for 
determination of the toughness in the warp and weft directions, respectively. The nominal 
thickness for both unidirectional and cross-ply panels was 3.6mm. Prior to testing, all 
specimens were prepared using a two stage painting procedure. This procedure is required 
by the digital speckle photogrammetry system in order to compute the strain field histories 
during the test. Firstly, one of the faces of the specimens was painted white in order to 
provide a white background for the black speckles introduced in the second stage. In the 
second stage, fine black speckles were uniformly sprayed into the white painted face of the 
specimen. After spraying the black speckles on the specimens, a 20 mm scale ruler equally 
divided into increments of 1mm was drawn parallel and ahead of the initial crack. A set of 
two cameras orientated at 12.5° with respect to the direction normal to the face of the 
specimen was used to record the displacement and strain field histories during the test. 
Additionally, an extra CCTV camera connected to a TV set was placed normal to the 
specimen to monitor the crack growth. By using this extra camera together with a crack 
event marker, it was possible to determine the load and displacements associated with a 
specific crack length. The experimental setup for measuring the intralaminar fracture 
toughness using OCT specimens is shown in Fig. 8. 
5.2 DEN specimens 
The same equipment described previously was used to measure the displacements and load 
histories during the test. 10kN and 100kN load cells were used to measure the load histories 
in the weft and warp directions, respectively. The specimens were loaded at a displacement 
rate of 0.5 mm/ min. The specimen preparation followed the same steps as that for the OCT 
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Fig. 8. Experimental setup for OCT specimens 
specimens. The digital speckle photogrammetry system was used to identify the position of 
the crack tip. Prior to testing the specimens were end tabbed and fixed in the testing 
machine by means of the jaws as shown in Fig. 9. 
 
 
Fig. 9. Experimental setup for DEN specimens 
5.3 Four point bending specimens 
Due to the unstable nature of the crack growth in this specimen geometry, only the initiation 
value could be experimentally obtained and hence no use was made of digital speckle 
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photogrammetry. A 10kN loading cell was used and the tests were carried out at 
0.5mm/ min. Crosshead displacements and load histories were recorded during the test 
using a data acquisition system. The specimens were loaded by means of the four point 
loading jig according to Fig. 10. A rubber film was placed between the specimens and the 
loading jig in order to prevent lateral sliding.  
 
 
Fig. 10. Experimental setup for 4PBT specimens 
6. Experimental results 
Five unidirectional OCT specimens were tested and a typical load-displacement curve is 
shown in Fig. 11.  
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Fig. 11. Load-displacement curves for unidirectional specimens 
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All specimens were immediately unloaded for each crack increment and up to four cycles 
could be obtained before the crack reached the edge of the specimen.  
The load displacement curve exhibits a stick-slipping behaviour which is attributed to the 
fracture of the transverse glass fibres normal to the crack growth direction. The spacing 
between two subsequent peak loads is fairly consistent from specimen to specimen and the 
interval is associated with the spacing between two consecutive normal glass fibre yarns. As 
a result, the toughness in the weft direction will be given by the sum of the toughness 
associated with matrix cracking plus the toughness associated with glass fibre fracture. The 
permanent displacements during the unloading stage are mainly due to micro-cracking 
damage (such as fibre/ matrix debonding) and interaction between fragments of fractured 
glass fibres which results in partial crack closure. As an initial assessment, the toughness 
values were determined using the compliance method (Slepetz & Carlson, 1975). 
Additionally, numerical simulations were carried out in order to evaluate the compliance 
changes for different crack lengths. The crack tip position was identified by using the digital 
speckle photogrammetry system and a typical experimental strain contour is shown in Fig. 
12. The experimental and numerical compliance variations with respect to the crack length 
are shown in Fig. 13. 
 
 
Fig. 12. Experimental strain field for the OCT specimens 
Based on the correlation between numerical and experimental results a polynomial cubic 
relationship between compliance versus crack length was defined in the following form, 
 3 21 2 3 4( )C a c a c a c a c= + + +  (17) 
where the best fit coefficients were 61 3,4461.10c
−= , 42 3,2348.10c −= − , 23 1,0249.10c −=  and 
4 0.1080c = − , respectively. The toughness values for the unidirectional OCT specimens were 
computed using the following expression (Slepetz & Carlson, 1975),  
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2
2
c
Ic
P C
G
h a
∂= ∂  (18) 
where cP  is the critical load associated with a given crack length and h  is the thickness of 
the specimen. The toughness values for the unidirectional specimens tested are presented in 
Fig. 14. 
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Fig. 13. Experimental compliance versus crack length for unidirectional OCT specimens 
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Fig. 14. Experimental toughness values for the unidirectional OCT specimens (R-Curve) 
A large scatter for the toughness values was obtained, with a resultant mean value around 
10 kJ/ m2 and standard deviation of 3.2 kJ/ m2. In fact this is not surprising since the fracture 
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process is very complex in fabrics of this nature. The variations in the initial values may be 
attributed to the intra-planar heterogeneities of the constituents and location of the initial 
crack tip which for some specimens was within the glass fibre yarns and for others only in 
resin rich areas. Fibre bridging was also observed which may explain the dispersion in 
results for higher crack length values. Also, the crack did not propagate in a perfect straight 
line as it was intended, but followed a tortuous path which may have resulted in coupling 
between different fracture modes (mode I and mode II for instance) (See Fig. 15). Crack 
bifurcation mainly in the regions close to the transverse glass fibres was also observed. 
Moreover, the number of glass fibre yarns normal to the fracture surface varied along the 
crack growth line from specimen to specimen due to the non-uniform distribution arising 
from the manual lay-up stage. These processes either together or individually introduce 
extra dissipation mechanisms during the fracture process which may explain such a 
variation. The low toughness values may be attributed to matrix cracking only whereas the 
high toughness values to the glass fibre fracture. It is very difficult to distinguish and 
attribute a particular toughness value to each fracture mechanism involved in the fracture 
process and one may assume the mean value as a reasonable one for design purposes.  
 
 
Fig. 15. Intralaminar crack growth path 
For the DEN and Four-Point-Bending (4PBT) specimens only the initiation values could be 
experimentally obtained due to the unstable crack growth on those specimens. For the DEN 
specimens the applied tension stresses remote from the crack were computed by dividing 
the ultimate load by the cross-sectional area of the specimen. Having defined the stress, Eqs 
(3) and (4) were then applied to obtain the toughness values. For specimens loaded in the 
weft direction, failure took place within the pre-cracked region, as intended, but this was not 
the case for specimens loaded in the warp direction. A mean toughness value of IcG =2.50 ± 
0.25 kJ/ m2 was found for the specimens loaded in the weft direction and Fig. 16 depicts the 
observed failures modes in each direction for DEN specimens.  
For the 4PBT specimens the intralaminar fracture toughness values were computed using 
Eqs. (5), (6) and (8) and a mean toughness value of IcG = 2.20 ± 0.12 kJ/ m2 was found. It was 
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noticed that four point bending test specimens showed a lower scatter in results compared 
to the DEN specimens. In fact, having double pre-cracked specimens such as DEN 
specimens may introduce extra sources of errors and variations in the results such as 
asymmetrical crack tip sharpness and non-self-similar crack growth. The values obtained 
using the 4PBT specimens compare well with the one obtained from the DEN tests 
confirming the initiation toughness values in the weft direction. 
 
 
(a) 
 
(b) 
Fig. 16. Failure modes for DEN specimens: (a) Warp direction, (b) Weft direction 
7. Finite element modelling 
7.1 FE model setup for the OCT specimen 
The OCT specimen was modelled using 8-node quadratic plane stress elements available in 
ABAQUS/ Standard. The dimensions for the virtual unidirectional coupon were 51x30x3.6 
mm3. Due to the symmetry of the problem, only one half of the specimen was modelled and 
a finer mesh was assigned to the region around the crack tip in order to obtain an accurate 
representation of the stress/ strain fields on that region. A typical FE mesh is shown in 
Fig. 17. 
 
 
q
P
 
Fig. 17. FE mesh used for OCT simulations 
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In order to model the contact forces between the loading pins and composite specimen the 
load was assumed to be uniformly distributed along the loading line of the specimens as 
shown in Fig. 17. The material behaviour was modelled using linear orthotropic elastic 
material model available in ABAQUS/ Standard with mechanical properties given in Table 
1. The virtual crack extension direction was assumed to be normal to the loading direction 
and defined by a vector q = (1,0,0). The simulations were performed for crack lengths of 
28mm, 37mm and 40mm and the J-integral values were evaluated on ten different integral 
contours for each crack length. Mean J-integral values of 9.91766 ± 0.015 kJ/ m2, 10.8025 ± 
0.012 kJ/ m2 and 11.4708 ± 0.014 kJ/ m2 were obtained for the crack lengths of 28mm, 37mm 
and 40mm, respectively. The numerical results were very consistent confirming the path 
independency of the J-integral method and they correlate reasonably well with the average 
experimental toughness obtained using the compliance method. This correlation confirms 
that the values derived from the compliance method are representative of the toughness 
behaviour for the material under investigation. An extra evaluation was carried out using 
the expression from the ASTM E399-90 standard to verify the validity of the expressions for 
orthotropic materials. A comparison between ASTM, compliance, J-integral and results 
obtained using the proposed method described in section 3 are shown in Fig. 18. Fig. 19 
shows a comparison between the original ASTM and modified correction function obtained 
using Eq. (14). 
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Fig. 18. Comparison between different methods for computing IcG  using OCT specimens 
It can be seen from Fig. 18 that there is a reasonably good agreement between the ASTM and 
compliance method for the initiation values of IcG  however the propagation values are over 
predicted by the ASTM standard compared to the numerical values. On the other hand, 
despite these variations, the experimental values obtained using the compliance method 
varies consistently around the average numerical values. 
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Fig. 19. Comparison between correction functions for determination of IcK  
7.2 FE model setup for the DEN specimen 
The DEN specimen was modelled using 8-node quadratic plane stress elements. Due to the 
symmetry of the problem, only one quarter of the specimen was modelled. A finer mesh 
was assigned to the region around the crack tip in order to obtain an accurate representation 
of the stress/ strain fields on that region. The ultimate load was uniformly distributed along 
the top edge of the virtual specimen. A close look at the FE mesh around the crack tip is 
shown in Fig. 20.  
The J-integral was evaluated on ten different integration contours with mean values of  
2.2 ± 0.011 kJ/ m2 and 170 ± 0.013 kJ/ m2 for the specimens loaded in the weft and warp 
directions, respectively. The numerical results agree reasonably well with experimental ones 
which confirm the initiation values obtained using DEN specimens. It also confirms the 
values obtained using 4PBT specimens which were around 2.2 kJ/ m2. For the virtual DEN 
specimens loaded in the warp direction a value around 170 kJ/ m2 was numerically obtained 
which also agree very well with 165 kJ/ m2 obtained using the compliance method.  
7.3 FE model setup for the 4PBT specimen 
A three-dimensional orthotropic model was generated using ABAQUS/ CAE to calculate the 
toughness values in the weft direction based on the J-integral method for the four point 
bending specimens. The specimen had a (900)10 lay-up with dimensions given in Fig.3. The 
virtual specimen was discretised using 20-node quadratic brick elements. A finer mesh was 
assigned to the crack tip region in order to better represent the stress/ strain field on that 
region. The crack front line and the virtual crack extension vector were defined through-the-
thickness direction by taking the free sides of the elements at the crack tip and one half of 
the total load was uniformly distributed along the contact line between specimen and upper 
testing jig. Due to the symmetry of the problem only one fourth of the specimen was 
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q 
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Fig. 20. FE mesh for the DEN specimens 
modelled and a typical FE mesh is shown in Fig. 21. A mean value of 25 ± 0.01 kJ/ m2 was 
obtained for the J-integral and this result agrees well with the experimental values and 
numerical results obtained for DEN specimens. Unfortunately due to the unstable nature of 
crack growth it was not possible to derive a specific correction function for this specimen 
geometry and the validity of Eq. (6) remains questionable.  
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Fig. 21. FE mesh for the four point bending specimen (4PBT) 
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8. Concluding remarks 
This chapter presented a detailed numerical and experimental study on the intralaminar 
fracture behaviour of hybrid plain weave laminates under mode I loading using different 
specimen geometries and data reduction schemes. Based on the numerical and experimental 
results the following conclusions were obtained: 
• The fracture behaviour of hybrid plain weave laminates is far more complex than 
conventional UD laminates due to interactions between two different fibrous 
constituents and matrix which may result in a local coupling between different failure 
modes (mode I/ mode II) during the fracture process;  
• The class of material investigated exhibited much higher intralaminar toughness values 
compared to conventional UD laminates making them good candidates for designing 
damage resistant/ tolerant composite aerostructures; 
• A lower scatter in the toughness values was obtained using 4PBT specimens; 
• Initiation and propagation toughness values around 2 kJ/ m2 and 10 kJ/ m2, 
respectively, were obtained in the weft direction; 
• Initiation and propagation toughness values around 100 kJ/ m2 and 165 kJ/ m2, 
respectively, were obtained in the warp direction; 
• The application of the ASTM E399-90 is questionable for composites in general and it 
can overestimate the toughness values by factors higher than three if used in its original 
form; 
A methodology to derive a new correction function accounting for geometry and 
orthotropic effects was presented and discussed in this chapter. The methodology can 
handle different geometries giving better correlation with experimental results compared 
with standard methods. 
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